Hyperosmotic stress activates Na -K -2Cl 3 cotransport (NKCC1) in secretory epithelia of the airways. NKCC1 activation was studied as uptake of 36 Cl or 86 Rb in human tracheal epithelial cells (HTEC). Application of hypertonic sucrose or NaCl increased bumetanide-sensitive ion uptake but did not affect Na /H and Cl 3 /OH 3 (HCO i and V i in a bumetanide-sensitive manner, indicating uptake of ions by NKCC1 followed by osmotically obligated water. These results indicate that HTEC act as osmometers but lose intracellular water slowly. Hyperosmotic stress also increased the activity of PKC-N and of the extracellular signal-regulated kinase ERK subgroup of the MAPK family. Activity of stress-activated protein kinase JNK was not affected by hyperosmolarity. PD-98059, an inhibitor of the ERK cascade, reduced ERK activity and bumetanide-sensitive 36 Cl uptake. PKC inhibitors blocked activation of ERK indicating that PKC may be a downstream activator of ERK. The results indicate that hyperosmotic stress activates NKCC1 and this activation is regulated by PKC-N and ERK. ß
Introduction
Na -K -2Cl 3 cotransport (NKCC1) is an electroneutral cotransporter that mediates uptake of Na , K , and Cl 3 in a ratio of 1:1:2 and is inhibited bỳ loop diuretics' such as furosemide and bumetanide. NKCC1 engages in vectorial ion transport across epithelial cells, operating in concert with (Na +K )-ATPase pumps and K channels at the basolateral membrane and Cl 3 channels at the apical membrane to elicit Cl 3 secretion and thus maintain water and ion balance. In the airways, the mucosal surface of epithelial cells is covered by a thin aqueous layer, called the periciliary £uid layer. Evaporation to humidify the airway lumen constantly draws water from the periciliary £uid layer, increasing its osmolarity. The tissue responds by secreting water from the submucosal side to the mucosal side. NKCC1 function is necessary for this response because it supplies Cl 3 for secretion. Although important in vivo, there are few studies of this hyperosmotic response in airway epithelial cells. Our previous studies demonstrated that K 1 -adrenergic stimulation of primary cultures of human tracheal epithelial cells (HTEC) and cell lines derived from HTEC activates NKCC1 through a phospholipase C-diacylglycerol-dependent signaling mechanism [1^4] . This signaling pathway for activation of NKCC1 in HTEC requires increased activity of PKC-N. We have also shown that NKCC1 expressed in freshly isolated mammalian tracheal epithelial cells can be activated by environmental stimuli, such as hyperosmotic stress and cell shrinkage [6] . Others have now reported a similar ¢nding in di¡erent animal species [6] . The response of HTEC to hyperosmotic stress has not been well studied despite its relevance to genetic disorders, such as cystic ¢brosis, that involve electrolyte transport abnormalities. More importantly, signaling pathways that lead to activation of NKCC1 during hyperosmotic stress have not been studied.
A major transduction pathway for environmental stimuli, such as hyperosmotic stress, is activation of mitogen-activated protein kinases (MAPKs). Hyperosmolarity can activate several MAPK cascades and, in some cells, multiple MAPK cascades. The involvement of MAPK subgroups has been reported for hypertonic NaCl responses in renal epithelial cells [7^9] and for K 1 -adrenergic-mediated activation of myocardial Na -K -2Cl 3 cotransport [10] . In addition to hypertonicity, purinergic stimulation of MDCK cells enriched in intercalated principal cells inhibited NKCC1 through the activation of MAPK signaling cascades which led to phosphorylation and elevated activity of ERK2 (extracellular receptor kinase) and JNK (c-Jun NH2-terminal kinase) [11] . Shrinkage of endothelial cells activated NKCC1 and apparently simultaneously increased the activity of JNK [12] . Only recently has the cellular response to hypertonicity been studied in secretory epithelia of the airway and colon [13] . In an airway epithelial Calu-3 cell line and in T84 and HT29 colonic epithelial cell lines, application of s 150 mOsm/l NaCl, urea or mannitol reduced the amount of CFTR mRNA through a p38 MAPK cascade activity. PD08059, an inhibitor of ERK MAPK, had no e¡ect on the CFTR gene expression in colonic cells.
Activation of MAPKs is achieved by distinct intracellular signaling pathways; in some cells, PKC is an upstream activator of MAPK. Recent reports implicate speci¢c PKC isotypes with activation of MAPKs. In human tracheobronchial epithelial cells, transcriptional induction of squamous cell di¡eren-tiation marker SPRR1B by PMA is blocked by a PKC inhibitor, dominant negative PKC-N mutant and rottlerin [14] . JNK is required for this e¡ect. In the IEC-18 intestinal epithelial cell line, the PKC-N activator bistratene A promoted translocation of PKC-N and activation of ERK, leading to cytostasis [15] . Activity of PKC-O is associated with ischemic preconditioning of cardiac myocytes, which activates JNK via a PKC-O-dependent signaling pathway [16] . In addition, overexpression of PKC-O led to increased PKC-O activity and enhanced the phosphorylation activities of ERK2 and JNK [17] .
Our previous discovery that PKC-N is necessary for agonist-stimulated NKCC1 led us to investigate the role for PKC-N in hyperosmotic-induced NKCC1 activity. Previous studies were performed using primary cultures of HTEC, which we also use in this study. The hypothesis of this study is that two subgroups of MAPKs, p42/p44 ERK and p46/p54 JNK, are downstream targets of PKC during hyperosmotic stress in airway epithelial cells. The response to hyperosmotic stress was characterized by measuring changes in Cl 3 and K transport and cell Cl 3 content (Cl 3 i ) and intracellular volume (V i ). The contribution of Cl 3 transporters in addition to NKCC1 to changes in Cl 3 £ux was also evaluated. The expression and regulation of ERK and JNK by K 1 -adrenergic stimulation and hyperosmotic stress and by PKC were measured using speci¢c inhibitors. Lastly, modulation of Cl 3 uptake by inhibitors of MAPKs was investigated. We report that hyperosmotic stressstimulated Cl 3 uptake is mediated by NKCC1 and that the stimulation involves PKC-N and ERK.
Methods and materials

Cell culture
Tissue was obtained from tracheas at the time of autopsy through the Cystic Fibrosis Center, Case Western Reserve University. Tracheal epithelial cells were isolated and grown in cell culture in a de¢ned medium consisting of a 1:1 mixture of Ham's F12 and Dulbecco's modi¢ed Eagle's medium supplemented with insulin (5 Wg/ml), hydrocortisone (50 WM), epidermal growth factor (4 ng/ml), transferrin (5 Wg/ml), ¢bronectin (4 Wg/ml), selenium (10 nM), 5% newborn calf serum, penicillin (100 U/ml), and streptomycin (100 Wg/ml). For measurement of cell volume and electrolyte transport, freshly isolated cells were seeded on 0.4 Wm pore size Transwell-Clear polyester ¢lter inserts dishes (Corning Costar, Cambridge, MA, USA) at a density of 2.0U10 6 cells. Cells were incubated in a humidi¢ed CO 2 incubator at 37³C. Culture medium was changed at 48 h intervals until con£uence was reached. Con£uence was assessed by microscopic examination of the cell monolayer and by measurement of electrical resistance across the cell monolayer (R mono ). R mono was quantitated using chopstick electrodes and EVOM (Epithelial Voltohmmeter, World Precision Instruments, New Haven, CT, USA). Values were corrected for background resistance of ¢lter alone bathed in medium. Cell monolayers were serum-deprived for 18 h prior to experiments.
Measurement of NKCC1 activity
NKCC1 activity was measured as bumetanide-sensitive uptake of 36 Cl or of 86 Rb, a congener of K. Cells were serum-deprived for 24 h prior to experiments. After EVOM readings were taken, cells were preincubated for 30 min at 32³C following addition of vehicle, 50 WM bumetanide or indicated inhibitor. After preincubation, ¢lters were transferred to wells containing 1 WCi 36 Cl or 86 Rb in HPSS to initiate uptake of radiotracer across the basolateral membrane. In£ux was terminated by rapidly immersing ¢lters four times in an ice-cold isotonic bu¡er consisting of 100 mM MgSO 4 and 137 mM sucrose [18] . Intracellular radioactivity was extracted by incubating cell monolayers in 0.1 N NaOH. Aliquots of extract were assayed for radioactive counts by liquid scintillation counting and for protein with a Bradford assay kit using bovine serum albumin as the standard. Intracellular radioisotopic content was calculated as nmol Cl 3 /mg protein ( 36 Cl) or nmol K/mg protein ( 86 Rb).
Measurement of intracellular Cl 3 and volume
The equilibrium distribution of 14 C-urea was used to measure intracellular water space and of 36 Cl to measure intracellular Cl 3 content. After incubation overnight in serum-free culture medium, cell monolayers were washed twice in Hanks' balanced salt solution containing 10 mM N-2-hydroxyethylpiperazine-NP-2-ethanesulfonic acid (HEPES), pH 7.4 (HPSS) and incubated with HPSS containing 0.4 WCi 14 C-urea and 1 WCi 36 Cl for 1 h. Cells were exposed to vehicle, 10 WM methoxamine, or su¤cient sucrose to raise medium osmolarity to 500 mOsm for the time intervals indicated in the legends to tables and ¢gures. Radiotracer £ux was terminated by washing the cell monolayer rapidly four times in ice-cold isotonic sucrose. Intracellular radioactivity was extracted by incubating cells in 0.1 N NaOH. Radioactivity in an aliquot of extract was determined by scintillation counting and protein content by the Bradford protein assay using bovine serum albumin as the standard. The intracellular water space V i (Wl/ mg protein) was calculated as 
Immunoblot analysis of MAPK isoforms
Western blot analysis of cell proteins was performed on total cell lysates, as previously described [1] . Aliquots of 20 Wg protein were subjected to gel electrophoresis on 8% SDS gels and transferred to Immobilin paper for immunoblot analysis using antibodies to ERK1/2 and JNK, each at 1/1000 dilution. Immunoreactive protein bands were visualized using enhanced chemiluminescence detection.
Immunoprecipitation and measurement of immune complex activity of PKC isotypes
HTEC were grown to con£uence on ¢lter inserts and serum-deprived overnight. Sucrose was added to the basolateral solution and the incubation continued for 10 min. Where indicated, cells were preincubated for 20 min with 10 WM chelerythrine. Stimulation was terminated by rapid immersion in ice-cold phosphate-bu¡ered saline (PBS). Cells were then harvested in 1 ml lysis bu¡er consisting of 100 mM NaCl, 50 mM NaF, 50 mM Tris^HCl, pH 7.55, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 1 mM Na orthovanadate and the protease inhibitors as described below. Lysates were clari¢ed by microcentrifugation at 4³C for 20 min at 12 000Ug and incubated with antiserum against a speci¢c PKC isotype, as previously described [1] . Immune complexes were recovered using protein G agarose beads that were prewashed and resuspended in lysis bu¡er. Kinase activity of PKC isotypes was measured by taking immunoprecipitates to a ¢nal volume of 50 Wl in assay mixture (50 mM Tris^HCl, pH 7.5, 10 mM L-mercaptoethanol, 10 mM MgSO 4 , 40 Wg/ml PtdSer, 0.1 WM PMA, 50 WM ATP, 10 Wg/ml histone-III, 3 WCi [Q-
32 P]ATP, 1 mM Na orthovanadate plus protease inhibitors) and incubating at 30³C for 15 min. The reaction was terminated by addition of 30 Wl glacial acetic acid. A 40 Wl aliquot was spotted on P-81 phosphocellulose paper, washed, and counted for radioactivity by Cerenkov counting.
Mitogen-activated protein kinase assays
HTEC were grown to con£uence on tissue culture plastic, serum-deprived overnight and stimulated with vehicle or drug of interest for the indicated time intervals. Cells were washed with ice-cold PBS, pH 7.4 then scraped into ice-cold lysis bu¡er. ERK or JNK were puri¢ed by immunoprecipitation. Activity of MAPK kinases was assayed after immunoprecipitation with speci¢c antisera.
For ERK, cell lysates were prepared in 50 mM Tris^HCl, pH 7.5, 100 mM NaCl, 50 mM NaF, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 1 mM Na orthovanadate, 0.1 mM leupeptin, 1 mg/ml aprotinin, and 1 mM 4-(2-aminoethyl)benzenesulfonyl £uoride hydrochloride (AEBSF). Lysates were clari¢ed by centrifugation and incubated with 4 Wg anti-ERK2 antibodies for 90 min at 4³C and then for 1 h at 4³C with constant rotation after addition of protein A-Sepharose beads. Immune complexes were suspended in kinase bu¡er consisting of 20 mM MOPS, pH 7.2, 25 mM L-glycerophosphate, 5 mM EGTA, 5 WM PKC inhibitor (19^31), 0.4 WM PKA inhibitor and 5 WM KN-93, 5 mM dithiothreitol, 1 mM orthovanadate and protease inhibitors, as indicated above. The kinase assay was initiated by addition of 6 WCi [Q-32 P]ATP, 125 WM ATP, 20 Wg myelin basic protein, and 17 mM MgCl 2 and incubated at 30³C for 10 min. The reaction was stopped by addition of 40 Wl glacial acetic acid. A 40 Wl aliquot of the reaction mixture was spotted onto P-81 phosphocellulose paper, washed, and prepared for scintillation counting. Results are calculated as fmole phosphate incorporated into myelin basic protein/min/mg protein.
The lysis bu¡er for JNK contained 20 mM HEPES, pH 7.5, 50 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA, 0.05% Triton X-100, and protease inhibitors as listed above. Clari¢ed lysates were incubated with 6 Wg anti-SAPK (JNK) antibodies and immune complexes were recovered as described above. Immune complexes were washed once in 10 mM PIPES, pH 7.0, 100 mM NaCl, 20 mg/ml aprotinin, 0.5% NP-40 (PAN), twice in high salt bu¡er consisting of 10 mM PIPES, pH 7.0, 500 mM NaCl plus protease inhibitors, and once in PAN bu¡er. Immune complexes were resuspended in kinase bu¡-er consisting of 25 mM HEPES, pH 7.5, 25 mM L-glycerophosphate, 2.5 mM MgCl 2 , 1 mM EGTA, 1 ml dithiothreitol, and 3 mM orthovanadate, 14 WCi [Q-32 P]ATP, 40 WM ATP plus 1.5 Wg GST-JUN (1^79). After incubation at 30³C for 20 min, reactions were terminated by addition of SDS Laemmli bu¡er followed by boiling for 5 min. Proteins were fractionated on 10% SDS^PAGE, Coomassie blue stained and subjected to autoradiography [19] . Exposed X-ray ¢lms were analyzed by laser densitometry in a SciscanTM 5000 (United States Biochemical) using OS-Scan Image Analysis System software package (Oberlin Scienti¢c).
Data analysis
Data are reported as mean þ S.E. Cl i and V i are expressed in some ¢gures as a ratio of the experimental values for stimulated cells divided by the values for unstimulated cells. To determine the level of signi¢cance, an unpaired t-test was performed using a GraphPad Prism 3.0 computer program.
Materials
86 Rb (speci¢c activity 154 Bq/g Rb, 4200 Ci/g Rb), [Q- 32 P]ATP (speci¢c activity 111 TBq/mmol, 3000 Ci/ mole) and an enhanced chemiluminescence kit were purchased from Amersham Life Science.
36 Cl (specific activity 260 MBq/g Cl 3 , 7.5 mCi/g Cl) was purchased from ICN Radiochemical and 14 C-urea (speci¢c activity 37 GBq/mmol) from NEN. Polyclonal anti-PKC isotype-speci¢c antibodies, recombinant PKC isotypes, GST-c-JUN (1^79) and a¤nity-puri¢ed rabbit polyclonal antibodies directed against ERK1, ERK2, and JNK1 were purchased from Santa Cruz Biotechnology. Antibodies to ERK2 also recognized ERK1, hence we refer to immune complexes as ERK kinase. Methoxamine HCl and bumetanide were purchased from Sigma. Rabbit polyclonal anti-rat stress-activated protein kinase (SAPK/ JNK1), ERK2 and Jun kinase assay kits, PKC inhibitor peptide (19^31) and PKA inhibitor peptide, PKI-(5^22-NH 2 ) were purchased from Upstate Biotechnology (Lake Placid, NY, USA). PD098059 was obtained from Calbiochem-Novabiochem (San Diego, CA, USA) and KN-93 from Research Biochemicals International (Natick, MA, USA). Tissue culture supplies were obtained from Gibco BRL (Grand Island, NY). All other chemicals were reagent grade.
Results
Addition of su¤cient sucrose to basolateral or apical bathing solution to increase medium osmolarity from 280 to 500 mOsm signi¢cantly increased bumetanide-sensitive Cl 3 uptake in HTEC (Table 1) . Similar results were obtained when NaCl was substituted for sucrose (see Table 6 for comparison). Bumetanide-insensitive Cl 3 uptake decreased from 72.8% of total uptake before application of sucrose to 47.3% after apical stimulation and to 45.4% after basolateral stimulation. The decrease in the contribution of bumetanide-insensitive £ux contributing to total £ux indicates that raising medium osmolarity with sucrose stimulated NKCC1 activity. Bumetanide-sensitive K uptake, measured as 86 Rb uptake, also increased with apical or basolateral addition of sucrose. The stoichiometry of NKCC1 uptake can be estimated from the uptake of 36 Cl and 86 Rb. In these experiments, the Cl 3 :K ratio was 2.1 in stimulated cells, indicating a stoichiometry of 2 Cl 3 to 1 K . This stoichiometry matches that of a model for NKCC1 depicting 1 Na :1 K :2 Cl 3 uptake. Other Cl 3 transporters that could contribute to radioisotopic Cl 3 uptake include a Cl 3 /OH 3 exchange, which is coupled to a Na /H exchange pathway to mediate NaCl uptake. We evaluated the activity of the two exchange pathways using blockers that are considered selective for each, DIDS, an inhibitor of Cl 3 /OH 3 exchange, and methylisopropylamiloride (MAML), an inhibitor of Na /H exchange. In untreated cells, we detected a 23.5% DIDS/MAML-sensitive Cl uptake that was not signi¢cantly stimulated by basolateral addition of sucrose ( Table 2) . As a comparison for these experiments, basolateral addition of sucrose increased bumetanide-sensitive Cl 3 uptake 2.4-fold and the per cent bumetanide-sensitive £uxes by 1.9-fold. These results indicate that hyperosmolarity does HTEC were grown to con£uence on ¢lter inserts as described in Section 2. Where indicated, cell monolayers were preincubated for 30 min with 10 WM bumetanide (BMT). Uptake of 36 Cl or 86 Rb was initiated at the same time as addition of su¤cient sucrose to raise the osmolarity of apical or basolateral medium from 280 mOsm to 500 mOsm. Uptake was terminated after 2 min incubation with radioactive isotope, as described in Section 2. Bumetanide-sensitive £ux, which represents NKCC1 activity, was determined by subtracting BMT-insensitive £ux from total £ux. Data are reported as mean þ S.E. for 3^7 independent cell cultures. Levels of signi¢cance: *P 6 0.05, **P 6 0.02, ***P 6 0.0001, compared to baseline data. not stimulate Cl 3 /OH 3 and Na /H exchange pathways in HTEC.
Hyperosmotic stress causes cell shrinkage as a result of cell water loss in a majority of eukaryotic cells. To assess the e¡ects of hyperosmotic stress on HTEC, we measured intracellular Cl 3 content (Cl Table 3 ). As a control, cells were stimulated with the K 1 -adrenergic agonist methoxamine, which has been shown to activate NKCC1 [1, 3] . As seen in Table 3 , methoxamine increased V i from 7.8 to 9.1 Wl/mg protein and Cl (Table 3) . These results suggest that hyperosmotic stress increases the activity of NKCC1 within 1 min and that this activity of NKCC1 maintains Cl 3 i and V i . Because equilibration of water across the cell membrane might occur more quickly than urea £uxes, we measured changes in V i and Cl In previous reports, we demonstrated that PKC-N was necessary for K 1 -adrenergic activation of NKCC1 [2] . Pretreatment of native HTEC with the general PKC inhibitor chelerythrine reduced the me- Cells were grown to con£uence on ¢lter inserts as described in Section 2 and preincubated for 60 min with 36 Cl and 14 H-urea. Cells were incubated for 1 min with HPSS (vehicle), with 10 WM methoxamine, or with su¤cient sucrose to raise the medium osmolarity from 280 mOsm to 500 mOsm. To stop solute £uxes, cell monolayers were washed rapidly in ice-cold MgSO 4 -sucrose supplemented with bumetanide, solubilized in 0.1 N NaOH and assayed for radioactive counts and protein levels. Data are mean þ S.E. for 4^8 independent cell cultures. Units: V i = Wl/mg protein; Cl HTEC were grown to con£uence on ¢lter inserts. Where indicated, cell monolayers were preincubated for 30 min with a combination of 0.1 mM DIDS and 1 WM MAML or with 50 WM bumetanide. Uptake of 36 Cl was initiated at the same time as addition of su¤-cient sucrose to raise the osmolarity of basolateral medium from 280 mOsm to 500 mOsm. Uptake was terminated after 2 min incubation with radioactive isotope, as described in Section 2. Inhibitor-sensitive £ux was determined by subtracting inhibitor-insensitive £ux from total £ux. Total uptake in cells treated with vehicle of HPSS and in the absence of bumetanide was 206 þ 38 nmol/mg protein (n = 10). Data are reported as mean þ S.E. for the number of independent cell cultures indicated in parentheses. Levels of signi¢-cance: *P 6 0.01, **P 6 0.001, compared to vehicle-treated cells.
thoxamine-mediated increase in Cl 3 i from 426.4 nm/ mg protein to 321.0 þ 13.3 nmol/mg protein (n = 3) (P 6 0.001). These results agree with previous studies which showed that the activity of PKC-N is necessary for activation of NKCC1. To determine whether the activity of PKC-N was involved in the response to hyperosmotic stress, we measured the kinase activity of immune complexes of PKC-N and, as a control, PKC-j. The results, shown in Fig. 1 , show that hyperosmotic stress increased the activity of PKC-N and that this e¡ect was inhibited by calphostin, a general PKC inhibitor. The activity of PKC-j was unaffected. The results point to PKC-N as an e¡ector enzyme in the response to hyperosmotic stress.
MAPK kinases in human tracheal epithelial cells
One mechanism for PKC-N-dependent regulation of NKCC1 could involve activation of a MAPK as a downstream target. HTEC that were probed with a¤nity-puri¢ed polyclonal antibodies to ERK or JNK showed immunoreactive protein bands that corresponded to the molecular mass of these enzymes ( Fig. 2A) . We directly measured the activity of ERK after stimulation with 10 WM methoxamine or with su¤cient NaCl to increase the medium osmolarity to 500 mOsm. The results are reported in Table 4 . NaCl, but not methoxamine, signi¢cantly increased ERK activity. ERK activity attained maximal levels after 1 min incubation and remained elevated for 10 min then declined to a new steady-state level of 271.4 þ 33.9 (n = 3) fmol/min/mg protein after 15 min incubation.
To determine whether PKC activity was necessary for activation of ERK, we used CGP-41251, a general PKC inhibitor. Pretreatment with 10 WM CGP-41251 reduced the NaCl-stimulated ERK activity from 452.9 fmol/min/mg protein to 253.7 þ 48.6 (n = 3) fmol/min/mg protein (P 6 0.04, compared to 1 min). NaCl-induced activation of ERK could be mediated through a signaling cascade that requires an upstream kinase, MEK. To determine whether this cascade is necessary for elevated ERK activity, we examined the e¡ects of a speci¢c MEK inhibitor PD98059 on ERK activity and 36 Cl uptake. Pretreatment with 25 WM PD98059 decreased the hyperos- Table 4 Hyperosmolarity stimulates ERK kinase activity in HTEC Cells were incubated with HPSS (vehicle), methoxamine at a ¢nal concentration of 10 WM or, for hyperosmotic stress, su¤cient NaCl to raise the medium osmolarity to 500 mOsm. Cell monolayers were stimulated for the indicated time periods then rapidly cooled and lysed, as described in Section 2. ERK was isolated as an immune complex and kinase activity of immunoprecipitated enzyme was measured the same day as cell fractionation procedures. Immune complex kinase activity was measured as described in Section 2.
Methoxamine did not a¡ect the activity of ERK. However, hyperosmotic stress rapidly increased ERK activity. Values are mean þ S.E. for the number of independent determinations in parentheses. Levels of signi¢cance: *P 6 0.02 compared to vehicle. Fig. 1 . Hyperosmotic stress increases activity of PKC-N, but not PKC-j, in native HTEC. HTEC were grown to con£uence on ¢lter inserts and pretreated, where indicated, with 10 WM chelerythrine for 20 min. Sucrose or HPSS (vehicle) was added to the basolateral medium and the incubation continued for 10 min. Stimulation was terminated by rapidly immersing ¢lters in ice-cold PBS. PKC-N or PKC-j was immunoprecipitated using polyclonal antibody to the PKC isotype, and kinase activity of immune complexes was measured as described in Section 2. Data are reported as mean þ S.E of three independent experiments. Levels of signi¢cance: *P 6 0.05 compared to control cells treated with vehicle; # P 6 0.04 compared to cells treated with methoxamine alone. motic-induced ERK activity to 232.9 þ 11.2 (n = 3) (P 6 0.02) fmol/min/mg protein, a level not signi¢-cantly di¡erent than after treatment with vehicle, and increased a PD98059-sensitive component of 36 Cl uptake. As seen in Table 5 , PD98059-sensitive 36 Cl uptake increased 6.4-fold in cells treated with NaCl and 5.2-fold in cells treated with sucrose. PD98059 did not signi¢cantly alter 36 Cl uptake in HTEC incubated with vehicle. The increase in PD98059-sensitive Cl 3 uptake indicates that activation of MEK is involved in a signaling mechanism leading to hyperosmotic-stimulated NKCC1 activity. The bumetanide-sensitive component was the same with both hyperosmotic stimuli, indicating that NKCC1 activity was increased by medium osmolarity rather than organic osmolyte alone. An increase in per cent bumetanide-sensitive £ux indicates that, in these experiments, hyperosmolarity activated NKCC1. The results from this series of experiments imply that hyperosmotic stress activates ERK through a signaling cascade with PKC upstream from ERK.
Because JNK activity has been associated with stress in some cells, the e¡ect of hyperosmotic stress on JNK in HTEC was next assessed. Immunoblot analysis of lysates from cells treated with methoxamine or with NaCl showed no signi¢cant e¡ect of stimulation on mass distribution (Fig. 2B) . Methoxamine and NaCl did not stimulate JNK phosphorylation of a speci¢c substrate GST-Jun (5^89), indicating lack of enzyme activation (Table 6 ). To con¢rm that JNK expressed in HTEC could be stimulated, cells were treated with anisomycin, a known activa- HTEC were grown to con£uence on ¢lter inserts. Where indicated, cell monolayers were preincubated for 30 min with 50 WM bumetanide or 25 WM PD98059, an inhibitor of ERK activation. Uptake of 36 Cl was initiated at the same time as addition of HPSS (vehicle) or su¤cient NaCl or sucrose to raise the osmolarity of the basolateral medium from 280 mOsm to 500 mOsm. Uptake was terminated after 2 min incubation with radioactive isotope, as described in Section 2. Inhibitor-sensitive £ux was determined by subtracting inhibitor-insensitive £ux from total £ux. Data are reported as mean þ S.E. for the number of independent cell cultures indicated in parentheses. Percentages refer to portion of 36 Cl uptake that contributes to total uptake. Levels of signi¢cance: # P 6 0.01 compared to bumetanide-sensitive £ux in cells treated with vehicle; *P 6 0.05 compared to PD98059-sensitive £ux in cells treated with vehicle. Wg aliquots were subjected to electrophoresis on 8% SDSP AGE. Polypeptide bands were transferred to Immobilin paper for immunoblot analysis with a¤nity-puri¢ed polyclonal antibody. (B) E¡ect of K-adrenergic stimulation and hyperosmotic stress on JNK. Con£uent cell monolayers were incubated in serum-free culture medium for 24 h before subsequent stimulation with HPSS (vehicle), 10 WM methoxamine, or hyperosmotic medium (NaCl). Activity of PKC was blocked in indicated samples by preincubation with 10 WM calphostin. Stimulation was stopped by rapidly siphoning o¡ culture medium and washing twice with ice-cold PBS. Cells were lysed in hypotonic bu¡er and harvested. Immunoblot analysis was performed on aliquots of 20 Wg with a¤nity-puri¢ed antibody to JNK. The density of exposed bands was quantitated by laser densitometry (LD) and calculated as a ratio of units in experimental samples divided by units in vehicle-treated cells. Results represent 2^3 independent experiments.
tor of the JNK pathway [20] . Anisomycin signi¢-cantly increased the activity of JNK, thus, we conclude that airway epithelial JNK can be stimulated (Table 6 ).
Discussion
These studies provide the ¢rst evidence that hyperosmotic stress in human tracheal epithelial cells activates NKCC1 and that this activation involves PKC-N and ERK. In addition, previous reports on induction of bumetanide-sensitive Cl 3 or K £ux by hyperosmolarity in tracheal epithelial cells [5, 6] Table 3) . Inhibition of the cellular response by bumetanide demonstrates a role for NKCC1. A role for NKCC1 in the response to hyperosmolarity is evident from the e¡ects of bumetanide, which prevents maintenance of Cl 3 i . Thus, bumetanide blocks isosmotic uptake of ions by NKCC1 and of osmotically obligated water that would be expected to follow ion uptake. V i is therefore reduced.
Our previous studies demonstrated that activation of airway epithelial NKCC1 by K 1 -adrenergic agonist leads to increased activity of two PKC isotypes, PKC-N and PKC-j. Using an antisense oligonucleotide approach, we identi¢ed and characterized a critical role for PKC-N [1, 2, 4] . Non-receptor-mediated activation of NKCC1 mediated through hyperosmotic stress also increased the activity of PKC-N, but not PKC-j (Fig. 1) . In epithelia of the tracheabronchus and small intestine, PKC-N has been associated with activation of two MAPKs, JNK [14] and ERK [20] , respectively. As shown in this study, the activity of ERK, but not JNK, increased after exposure of HTEC to hyperosmotic stress. Activation of ERK is rapid, occurring at V1 min after stimulation, followed by a decline to basal levels after 10 min. The activity of PKC-N, but not PKC-j, was also signi¢cantly elevated at this early time, suggesting that PKC-N might be an upstream activator of ERK. Hyperosmolarity and receptor-mediated stimulation can each produce rapid activation of MAPKs in epithelial cells. Acute exposure to hyperosmolarity causes rapid activation of ERK2 in MDCK cells; the response is blocked by inhibition or downregulation of PKC [7] . Similarly, K 1 -adrenergic stimulation of cardiac myocytes increases Na -K -2Cl 3 cotransport and ERK2 [10] . Hyperosmotic-induced 36 Cl uptake in HTEC is also blocked by PD98059, a se- or su¤cient NaCl to increase medium osmolarity to 500 mOsm or 10 WM anisomycin. Immune complexes of JNK1 were recovered from detergent-extracted cells and tested for kinase activity in a reaction mixture containing GST-Jun (1^169) as the substrate for phosphorylation. Phosphorylated substrate was separated on 10% SDS^PAGE gels and detected by autoradiography. Exposed protein bands were cut from the dried gel and radioactivity quantitated by Cerenkov counting. Data are reported as mean þ S.E. for the number of independent cell cultures tested. Levels of signi¢cance: *P 6 0.004 compared to vehicle.
lective MEK-1 inhibitor, an upstream activator of ERK (Table 5 ). The data of Table 2 imply that hyperosmolarity stimulates 36 Cl uptake predominantly via NKCC1. Hence, inhibition of uptake by PD98059 suggests a negative feedback mechanism from ERK to cotransporter. Hormonal stimulation of epithelial cells can also activate multiple MAPK signaling pathways, as reported for ATP and UTP stimulation of P 2u purinoreceptors in renal mesangial cells. ATP and UTP activate ERK [22] and JNK [23] , but the signaling pathways are quite divergent as seen by PKC dependence of ERK2 activation that is absent during JNK activation. ERK2 activation is linked to a mitogenic response, but the long term e¡ects of JNK are still not well understood.
The downstream e¡ects of ERK2 activation in HTEC are not known; however, at the concentrations of sucrose and NaCl used in these studies, viability was una¡ected. In mIMCD3 cells exposed to 500 mOsm/kg H 2 O NaCl for 4 h, protein and RNA synthesis is greatly inhibited although cell viability and adherence appear normal [24] . Increasing hyperosmolarity s 700 mOsm/kg H 2 O decreased cell viability by a slowing in cell cycle progression at the G 2 / M phase. In in vivo airways, hyperosmotic stress may be experienced due to chronic dehydration of airway surface liquid (also failure to maintain airway liquid balance) or to increasing concentrations of impermeant osmolytes in airway surface liquids. Both sources of hyperosmotic stress challenge the lungs of cystic ¢brosis patients. In cystic ¢brosis, airway epithelial cells fail to maintain an optimal mucociliary £uid layer because of abnormally high Na absorption and lack of Cl 3 secretion. Compounding the genetic error in electrolyte transport is a hypersecretion of mucus and chronic infection of lower airways with bacteria, both could raise the osmolarity of mucus, with long term e¡ects of expression of NKCC1 or CFTR.
Studies of adaptation to osmotic stress implicate MAPKs in early, acute responses to hyperosmolarity but not to a longer term response. mIMCD3 cells acclimated to 300 mOsm/kg H 2 O and acutely exposed to 600 mOsm/kg H 2 O displayed a marked and brisk increase in activity of ERK2, JNK, and p38; this response was signi¢cantly blunted in cells adapted to 600 mOsm/kg H 2 O [25] . A recent study of long term exposure to hyperosmotic stress describes di¡erential responses of human and rabbit corneal epithelial cells [26] . Both cell lines mediate NKCC1-dependent RVI to hypertonic stress that is inhibited after 24 h exposure to hypertonic medium. Exposure of human cells to media of tonicity 9350 mOsm signi¢cantly stimulated cell proliferation, suggesting activation of MAPKs due to sustained cell shrinkage. However, at tonicity s 350 mOsm, rabbit cells adapted better than human cells as assessed by upregulation of NKCC gene and protein expression and functional activity. These responses were absent in human cells. Activation of MAPKs during hypertonicity was associated with control of NKCC1 activity; however, the exact signaling mechanisms that account for cell volume regulation and proliferation during acute responses and for increased NKCC1 gene expression during chronic hyperosmotic stress are not known. Studies with laboratory rats also directly implicate NKCC1 as having a critical role in adaptation to chronic hyperosmolarity. Dehydration of laboratory rats for 2 days, which mimics hyperosmotic shock, increased NCKK1 expression 3^5-fold mainly in renal outer medullary collecting ducts [27] .
New information from our study and reports of hyperosmotic stress in other epithelial cells suggest that an acute response by HTEC involving activity of PKC-N and ERK is necessary for cells to survive the acute stress. Activation of an ERK signaling cascade may also be important for long term adaptation. However, long term adaptation is more complicated and might involve increased expression of NKCC1 mRNA and protein. Indeed, expression of other electrolyte transport proteins can be altered as seen in the response of secretory epithelia of the colon and trachea to hyperosmolarity. Treatment of Calu-3 human airway epithelial cells and T84 and HT-29 human colonic epithelial cells with s 150 mOsm/l NaCl, urea or mannitol for 24 h reduced the amount of CFTR mRNA [13] . A p38 MAPK cascade was required for the response. Epithelial cell survival, then, might require a decrease in CFTR mRNA and an increase in NKCC1 mRNA and protein. The integration of PKC-N and MAPK signaling cascades in human airway epithelial cells becomes critical for determining cellular responses during acute and chronic hyperosmotic stress. Application of these new ¢ndings to chronic pulmonary diseases, such as cystic ¢brosis, asthma, and chronic bronchitis, is necessary for the development of new interventions to improve pulmonary function.
